Suboptimal developmental environments program offspring to lifelong health complications including affective and cognitive disorders. Little is known about the effects of suboptimal intra-uterine environments on associative learning and motivational behavior. We hypothesized that maternal isocaloric low protein diet during pregnancy and lactation would impair offspring associative learning and motivation as measured by operant conditioning and the progressive ratio task, respectively. Control mothers were fed 20% casein (C) and restricted mothers (R) 10% casein to provide four groups: CC, RR, CR, and RC (first letter pregnancy diet and second letter lactation diet), to evaluate effects of maternal diet on male offspring behavior. Impaired learning was observed during fixed ratio − 1 operant conditioning in RC offspring that required more sessions to learn vs. the CC offspring (9.4 ± 0.8 and 3.8 ± 0.3 sessions, respectively, p < 0.05). Performance in fixed ratio − 5 conditioning showed the RR (5.4 ± 1.1), CR (4.0 ± 0.8), and RC (5.0 ± 0.8) offspring required more sessions to reach performance criterion than CC offspring (2.5 ± 0.5, p < 0.05). Furthermore, motivational effects during the progressive ratio test revealed less responding in the RR (48.1 ± 17), CR (74.7 ± 8.4), and RC (65.9 ± 11.2) for positive reinforcement vs. the CC offspring (131.5 ± 7.5, p < 0.05). These findings demonstrate negative developmental programming effects due to perinatal isocaloric low protein diet on learning and motivation behavior with the nutritional challenge in the prenatal period showing more vulnerability in offspring behavior.
a b s t r a c t
Suboptimal developmental environments program offspring to lifelong health complications including affective and cognitive disorders. Little is known about the effects of suboptimal intra-uterine environments on associative learning and motivational behavior. We hypothesized that maternal isocaloric low protein diet during pregnancy and lactation would impair offspring associative learning and motivation as measured by operant conditioning and the progressive ratio task, respectively. Control mothers were fed 20% casein (C) and restricted mothers (R) 10% casein to provide four groups: CC, RR, CR, and RC (first letter pregnancy diet and second letter lactation diet), to evaluate effects of maternal diet on male offspring behavior. Impaired learning was observed during fixed ratio − 1 operant conditioning in RC offspring that required more sessions to learn vs. the CC offspring (9.4 ± 0.8 and 3.8 ± 0.3 sessions, respectively, p < 0.05). Performance in fixed ratio − 5 conditioning showed the RR (5.4 ± 1.1), CR (4.0 ± 0.8), and RC (5.0 ± 0.8) offspring required more sessions to reach performance criterion than CC offspring (2.5 ± 0.5, p < 0.05). Furthermore, motivational effects during the progressive ratio test revealed less responding in the RR (48.1 ± 17), CR (74.7 ± 8.4), and RC (65.9 ± 11.2) for positive reinforcement vs. the CC offspring (131.5 ± 7.5, p < 0.05). These findings demonstrate negative developmental programming effects due to perinatal isocaloric low protein diet on learning and motivation behavior with the nutritional challenge in the prenatal period showing more vulnerability in offspring behavior.
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Introduction
Protein malnutrition during pregnancy increases offspring morbidity and mortality and is a major health concern (Duggan, 2003; Guilloteau et al., 2009; Stein et al., 2009) . Human epidemiological and precisely controlled animal studies clearly show that the prenatal and early postnatal nutritional environments modify the development of a wide variety of systems including cardiovascular, metabolic and endocrine systems (Taylor and Poston, 2007; Nijland et al., 2008; Symonds et al., 2009; Solomons, 2009; Nuyt and Alexander, 2009; Warner and Ozanne, 2010; Bouret, 2010) . Indeed there is a nutritional basis for the fetal origins of adult disease (Harding, 2001; Armitage et al., 2004) . Importantly, an adequate Abbreviations: C, control diet; R, protein restricted diet; CC, control diet during pregnancy and lactation; RR, protein restricted diet during pregnancy and lactation; CR, control diet during pregnancy and restricted diet during lactation; RC, restricted diet during pregnancy and control diet during lactation; FR, fixed ratio; PND, postnatal day.
* Corresponding author. Tel.: +52 55 5487 0900x2417; fax: +52 55 5655 9859.
E-mail address: zamgon@servidor.unam.mx (E. Zambrano).
maternal diet is vital for the development of the central nervous system in offspring (Morgane et al., 1993) . A poor nutrition can have profound effects on the developing brain especially neurons of the limbic system showing considerable sensitivity (Morgane et al., 2002; Bedi, 2003; Lister et al., 2005; Lister et al., 2006) . Consequently, outcomes in humans demonstrate influences of perinatal diet on cognition and behavior (Lucas, 2005; Benton, 2008; Stein et al., 2009 ). Brain developmental impairments, e.g. modified neuron proliferation in hypothalamic and hippocampal regions, are evident in rat offspring protein restricted during gestation and/or lactation (Coupe et al., 2009 ). Behaviors such as anxiety, motivation and approach-avoidance/risk assessment rely heavily on intact limbic structures and associated neural networks, e.g. hippocampus, amygdala, and areas of the prefrontal cortex (Morgane et al., 2005) . Therefore, studying behavioral abnormalities in animals can further our understanding of human pediatric development by suggesting areas of vulnerability.
To date a limited number of studies have focused on operant conditioning or motivation based behaviors subsequent to preand/or postnatal protein restriction. For instance, prenatal protein restriction (6% casein) in rats impairs the acquisition of a differential reinforcement of low rates operant task (Tonkiss et al., 
